TABLE OF CONTENTS
1
OBJECTIVE AND THEORY
We have designed and lab tested a new ferrite cored induction coil sensor for measuring the secondary fields from metallic UXO with the BUD system. The objective was to replace the 5-inch diameter air-cored coils in the BUD system with smaller sensors that would allow the placement of multiple sensors in the smaller package of the new BUD hand-held system.
The small transients from induction currents in a UXO are generated by a pulse of magnetic field, the primary field, generated by a current pulse in a suitable transmitter, usually a multi-turn coil of wire. The receiver for the target transients is usually also a multi-turn circular loop and in an ideal loop the voltage across the terminals of the loop is proportional to the time rate of sensor change of the magnetic field threading the loop. In practice the loop is not ideal and is found to have a distributed intra-wire capacitance, C that leads to the sensor having a finite bandwidth. The finite bandwidth distorts the response of the measuring system to the secondary transient. More importantly the receiver usually 'sees' at least some of the primary field which shows up as another transient in the receiver after the primary field is shut off. This system transient can mask the desired target transient. This effect is particularly vexing because very small perturbations to the circuit components of the receiver result in transient changes that can be as big or bigger than the desired target transient.
A practical induction coil sensor is usually made of a number of turns, N, in a circular loop of diameter D (5 inches in the BUD system) and area A. Such a loop will have a calculable inductance, L, and resistance R. There is no analytic form for the distributed capacitance within the windings, C, and this is usually measured on the finished coil.
For a solenoidal coil, with a core of material of relative magnetic permeability, μ, the sensitivity is increased by the multiplier μ eff where this effective permeability is determined by the length to diameter ratio of the core. A solenoidal coil effectively converts a thin wheel-like coil of diameter D to a small diameter cylindrical coil of length l. The objective of this study was to build a small solenoid coil about 4 inches long with as good performance as the air-core coil or better.
The fundamental sensitivity or response of an induction coil is the ratio of the voltage output to the magnetic field input in Tesla's. The emf induced in the coil is given by These three response types are shown schematically in Figure 3 . 
FERRITE-CORED COILS
A small solenoid coil with a core of high permeability material can achieve sensitivities similar to those of the air-cored coil with the obvious advantage of occupying less space in any multiple-transmitter multiple-receiver platform. To demonstrate the feasibility of such a sensor we fabricated two small solenoidal sensors with the parameters listed in Table 2 . This sensor has a calculated sensitivity at 10 kHz of 0.41 which is slightly higher than the 5-inch diameter air-cored coil. The measured value is much less than the calculated value probably because the inductance formula for the cored solenoid is approximate and because the intrinsic μ of the ferrite is lower than advertised. The latter would explain It is important to note that the damping is a function of R/L, not just the dissipative R. In the air-cored coil R/L is ~3700 whereas in the ferrite core coil R/L is ~180. The air-cored coil would be expected to have a very sharp resonance peak, and the ferrite core should We have shown that the small compact solenoidal ferrite cored coil can have similar sensitivity to the conventional air core coils without significantly lowering the resonant frequency and consequently, without seriously increasing the step-off transient.
THE FEEDBACK COIL
The externally damped sensor shown in the schematic of Figure 4 has some serious practical problems. One is that the damping resistor may add significant Johnson noise to the response, and the second is that the critical damping condition is somewhat unstable; small changes in ω 0 or R [or L due to deformation of the air core loop] cause changes in α, and can therefore move the response from under-damped to damped to over-damped with concomitant changes in the transient just after shutoff. These will add serious 'noise' to the secondary field, and usually very small transient and that is to be measured.
To stabilize the critically damped coil we have used the negative feedback scheme There is some flexibility in choosing M, G and R fb so it is easy in practice to achieve any desired value of α. The added importance of this becomes evident when we find that is usually much greater than and so instabilities in R or L become insignificant and the stability of the critically damped response depends mostly on MG/R fb , all of the terms of which are easily held constant. Since the ferrite coil is potted in a stiff cylindrical shell, L and L fb are already relatively constant compared to their counterparts in the less rigid air-cored coil, so it is only necessary to use a very high quality feedback resistor to achieve exceptional stability. The criteria for selecting the feedback resistor simplifies to:
. The mutual inductance is given by:
and the gain, G, for the feedback coil was 100.
A summary of the parameters of the feedback ferrite-cored coil is given in the Table 3 . Table 3 . Feedback ferrite-cored coil parameters.
The feedback resistance found by trial and error to achieve critical damping was 105 kOhms, suggesting that the feedback sensor was over damped [it is also possible that the measurement of L with an inductance meter was inaccurate]. The response of this feedback coil is included in the response plots of Figure 5 as a solid black line. The observed response at resonance is found to be slightly higher than the response obtained with the external damping resistor and both are over-damped.
In conclusion the small ferrite-cored coil performed as predicted by the circuit model and demonstrated a sensitivity only slightly less than that of the air-cored coil. Both sensors could be improved by further optimization, but the main conclusion is that a small ferrite- The remaining issues are the relative noise performance and, for applications requiring that the sensors be placed close together, what coupling occurs between the two sensors.
SENSOR NOISE
A separate analysis has shown that the use of a feedback circuit actually reduces the electronic noise of the receiver and, with the above parameters, should result in noise comparable to the air-cored coils. To verify these results we conducted very simple measurements with a spectrum analyzer to estimate the inherent noise levels of the sensors. The initial response measurements showed that the two sensors had almost identical responses.
First we looked at the raw power spectrum of the coil output in the lab. We visually identified frequencies where the spectrum was low. Then we placed two of the sensors side by side (separated by at least one diameter) and observed the coherence spectrum. At those frequencies where both the spectrum and the coherence were low we then In conclusion, these crude test results show that the noise levels of the small ferrite-cored coils are more than adequate for use in a BUD style system.
PROXIMITY EFFECTS
There is a concern that the feedback coils could couple if placed close together. This could arise because of actual coupling, i.e. mutual inductance, between the separated circuits or because the high permeability cores would somehow distort the field being measured by either coil.
To test the influence of proximity on the sensitivity of the coils we made a small jig to Table 4d . Transfer function as a function of frequency (f) and separation (x) for proximity test configuration 4.
-25 - Table 4e . Transfer function as a function of frequency (f) and separation (x) for proximity test configuration 5.
It is evident that within the measurement accuracy there is virtually no coil interaction for separations greater than half a coil length. This is somewhat surprisingly true even for end-on configuration 4. The only exception is for two parallel coils, configuration 5, where the separation must be at least one coil length. Another subtle but possibly important observation is that the interactions are notably less at the high frequencies. This could be because for critical damping the feedback is basically bucking the incident field in the core so that the external field is unperturbed as seen from outside.
CONCLUSIONS
The conclusions can be summarized by the following observations: 1) A ferrite-cored solenoidal coil of length L can easily be made to have sensitivity and noise level roughly the same as an air-cored coil of a diameter on the same order as L.
2) A ferrite-cored solenoidal coil can easily have a feedback configuration to achieve critical damping.
